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University, Tel Aviv, IsraelABSTRACT In ubiquitination, cullin-RING E3 ubiquitin ligases (CRLs) assist in ubiquitin transfer from ubiquitin-conjugating
enzyme E2 to the substrate. Neddylation, which involves NEDD8 transfer from E2 to E3-cullin, stimulates ubiquitination by
inducing conformational change in CRLs. However, deneddylation, which removes NEDD8 from cullin, does not suppress ubiq-
uitination in vivo, raising the question of how neddylation/deneddylation exerts its effects. Using molecular-dynamics simula-
tions, we demonstrate that before neddylation occurs, the linker flexibility of Rbx1, a CRL component, leads to conformational
changes in CRLs that allow neddylation and initiation of ubiquitination. These large NEDD8-induced conformational changes are
retained after deneddylation, allowing both initiation of the ubiquitination process and ubiquitin chain elongation after deneddy-
lation. Furthermore, mutation of lysine, the cullin residue to which NEDD8 covalently attaches, dramatically reduces CRL confor-
mational changes, suggesting that the acceptor lysine allosterically regulates CRLs. Thus, our results imply that neddylation
stimulates ubiquitination by CRL conformational control via lysine modification.INTRODUCTIONThe ubiquitin-proteasome system (UPS) degrades malfunc-
tioning or damaged proteins in cells (1). Ubiquitination of
a target substrate protein is carried out by a three-enzyme
cascade beginning with covalent bond formation between
ubiquitin-activating enzyme (E1) and ubiquitin, followed
by ubiquitin transfer from E1 to ubiquitin-conjugating
enzyme (E2), and ending with ubiquitin transfer from E2
to a substrate protein that is recruited by E3 ubiquitin ligases
(2). The polyubiquitin-labeled substrate is degraded by the
proteasome (3).
Cullin-RING E3 ubiquitin ligases (CRLs) constitute the
largest and one of the most studied E3 superfamilies (4,5).
A CRL has two arms. One binds to substrates via the
substrate binding protein, and the other binds to E2 through
the RING-Box protein (Rbx), which contains a RING-finger
domain. The two arms are connected by cullin and an
adaptor protein, such as Skp1, ASK1, or Elongin C/Elongin
B. CRLs play an important role in ubiquitination by binding
to both E2 and the substrate and bringing them into prox-
imity, thereby facilitating ubiquitin transfer. However,
crystal structures of CRL and E2 indicate that there is
a 50–60 A˚ gap between the E2 and the substrate (6–8)
(Fig. 1 A). A key mechanistic question, then, is how the
CRL E3 machine brings the E2 and substrate into proximity
to enable efficient ubiquitin transfer.
In our previous studies (9,10), we reported that all
substrate-binding proteins with available crystal structures
have flexible linkers that can serve as hinges to rotate the
substrate-binding proteins toward E2. We performed molec-Submitted February 25, 2010, and accepted for publication May 12, 2010.
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proteins in four forms: unbound, bound to substrate only,
bound to adaptor only, and bound to both substrate and
adaptor. We observed rotations in all. For the bound-to-
both form, the 50–60 A˚ gap between E2 and the substrate
can be shortened by 7~12 A˚ by the rotation; however, our
simulations showed that there is still a 39~49 A˚ distance
between E2 and the tip of the substrate peptide. This
suggests that additional flexible linkers may exist in the
CRL E3 machine.
It was recently reported that there is a flexible linker in
Rbx1, on the second arm of CRL E3 (11). This observation
was based on x-ray crystal structures with different confor-
mations in the same unit cell. Rbx1 was complexed with
both cullin and NEDD8, which is a CRL regulator. This rai-
ses the question of whether the Rbx1 linker flexibility is
NEDD8-dependent. It is known that NEDD8 forms a cova-
lent bond with a lysine residue in cullin, and that it can stim-
ulate (but is not required for) ubiquitination (12,13). It was
also reported that ubiquitination is significantly reduced
when the cullin acceptor lysine is mutated to arginine in
the presence or absence of NEDD8 (13). Clearly, in the pres-
ence of NEDD8, Arg can block the covalent linkage of
NEDD8 to cullin. However, it is not clear why the mutant
reduces ubiquitination in the absence of NEDD8. Further,
neddylation involves NEDD8 transfer from the E2 catalytic
cysteine to cullin’s acceptor lysine; however, based on the
model of CRL and E2 that was constructed by docking
the crystal structures (Fig. 1 A), there is a 25~35 A˚ gap
between these two sites (11), raising the question of how
the CRLs change the conformation to bridge this gap and
facilitate neddylation. Still more intriguingly, NEDD8 is
known to be removed from cullin by COP9/signalosomedoi: 10.1016/j.bpj.2010.05.021
FIGURE 1 Overviews of the CRL E3 ligase machine. A schematic illus-
tration of the Ub-E2-E3-substrate machine shows ubiquitination (A) and
neddylation (B). The distances to be bridged are marked. On the left arm,
S stands for substrate. The substrate-binding protein has two domains:
the substrate-binding domain (SBD) and the Box domain. The adaptor
protein mediates between the substrate-binding protein and the cullin.
Cullin (Cul) has two domains: Cul NTD and Cul CTD, which contains
the Cul CTD 4HB-a/b and Cul CTD WHB subdomains. The Rbx has
two domains. The active residues in neddylation (C and K) are marked.
Rbx1 Flexible Linker Helps CRL Function 737(CSN) (14,15), in a process known as deneddylation;
paradoxically, however, deneddylation does not suppress
ubiquitination in vivo (15,16). How the CRLs facilitate
ubiquitination after deneddylation is unclear.
Here, we use MD simulations to address these key mech-
anistic questions. We simulated the Rbx1-Cul5 complex in
three states: a closed conformation, representing the confor-
mation before neddylation, taken from the Rbx1-Cul5CTD
complex structure; and two open conformations, represent-
ing the conformation after deneddylation, taken from the
Rbx1-Cul5CTD~NEDD8 structure (11) with NEDD8
removed. We observed large conformational changes in all
three conformations, suggesting that the Rbx1 linker is flex-
ible before neddylation and after deneddylation. We further
simulated the same three conformations with cullin acceptor
lysine mutated to arginine. Our covariance analysis suggests
that the lysine residue in cullin to which NEDD8 becomes
covalently attached (dubbed cullin acceptor lysine below)
can allosterically control the conformational change of
Rbx1-Cul5. Our work provides a mechanistic framework to
address key questions regarding ubiquitination in CRLs: 1),
howare the distances that need to be overcome in neddylation
and ubiquitination reactions spanned before neddylation; and
2), how does ubiquitination occur after deneddylation?MATERIALS AND METHODS
System setup
The starting structures of all simulated complexes were constructed from
crystal structures. For the closed-conformation simulations, the crystal
structure of Rbx1 complexed with Cul5CTD alone (PDB code: 3dpl) was
used. For the open-conformation simulations, the Rbx1-Cul5 structures
were extracted from the Rbx1-Cul5CTD~NEDD8 complex structures
(PDB code: 3dqv) with NEDD8 removed. The initial structures of the
mutants were built from the wild-type (WT) structures, with the point muta-
tion performed by VMD (17). The missing residues in Rbx1 and Cul5 wereadded as random coils and minimized for 1000 steps with the rest of the
protein fixed. All models were solvated in a TIP3P water box with
a minimum distance of 10 A˚ from the edge of the box to any protein
atom. The system charges were neutralized by the addition of chloride or
sodium ions. Tests confirmed that the water box was large enough to ensure
that no atom in the protein would be within 12 A˚ of any atoms in any peri-
odic image during the simulation.Simulation protocol
We performed MD simulations using the CHARMM 27 force field (18) and
the NAMD program (19). To eliminate residual unfavorable interactions
between the solvent and the protein, the solvated systems were first mini-
mized for 3000 steps with the protein restrained, followed by another
3000 steps of minimization with all atoms free to move. The systems
were heated from 0 K to 300 K (or 340 K for closed conformation) in
100 ps, with the protein backbone atoms constrained to allow relaxation
of the solvent, and then equilibrated for 600 ps without any constraints.
For each state, two trajectories of production simulations were performed
for 40 ns with the NPT ensemble. The temperature was controlled at
300 K (or 340 K for the closed conformation) with a Langevin thermostat.
A Nose-Hoover Langevin piston barostat was used to maintain pressure at
1 bar. During the production simulations, the time step was 2 fs, with a
SHAKE constraint on all bonds containing hydrogen atoms. Short-range
nonbonded interactions employed a switch function with a switching
distance of 10 A˚ and a cutoff of 12 A˚. Long-range electrostatic interactions
were treated with particle mesh Ewald summation. During the equilibration
and production simulations, the distances of the zinc atom from the Rbx1
RING finger and its neighboring atoms were restrained. The structural
alignments and figure rendering were performed by VMD (17). The
angle-rotation analyses during the simulation were performed using Hinge-
find (20).Model setup
The model for neddylation was built with E2 UbcH7 (PDB code: 1fbv)
docking into the Rbx1 RING subdomain. The model for ubiquitination
was built with E2 UbcH7 docking into the Rbx1 RING subdomain, 4HB-
a/b subdomains of Cul5 superimposing with Cul1 (PDB code: 1ldk), and
F-box of b-TrCP1 (PDB code: 1p22) superimposing with Skp2 (PDB
code: 1ldk).RESULTS
The Rbx1 linker is flexible before neddylation
and after deneddylation
X-ray crystal structures are available for the Rbx1-Cul5CTD
complex in three conformations: closed, open 1, and open 2.
The closed conformation, with the Rbx1 RING subdomain
and Cul5 WHB subdomain packed together, was crystal-
lized in the absence of NEDD8, representing the Rbx1-Cul5
structure before neddylation. The two open conformations,
with the Rbx1 RING rotating away from Cul5 WHB,
were crystallized when Cul5 was bound to NEDD8. We
removed NEDD8 to make them represent the conformations
after deneddylation. We carried out two trajectories of
40-ns explicit-solvent MD simulations for these three
conformations.
During the simulations of the two open conformations,
the RING subdomain of Rbx1 rotated dramatically towardBiophysical Journal 99(3) 736–744
FIGURE 2 WT conformational changes during
the simulation. Snapshots at the beginning of the
simulation, the maximum rotations obtained in
the two trajectories, as well as the rotation angles
for Rbx1 and Cul5 during simulations of the
(A and D) closed conformation at 340 K, (B and
E) open 1 conformation, and (C and F) open 2
conformation are illustrated. The Cul5 WHB sub-
domain, Cul5 4HB-a/b subdomains, and Rbx1
are shown in red, gold, and blue, respectively.
738 Liu and Nussinovand away from Cul5 WHB. Snapshots with the maximum
Rbx1 rotation angles for each trajectory are shown in
Fig. 2, B and C. Rbx1 has a flexible linker between the
Rbx1 RING subdomain and the Cul5-binding subdomain,
and Cul5 has a flexible linker between the WHB domain
and the a/b domain. In open 1, the flexible linker rotated
the Rbx1 RING subdomain away from Cul5 WHB to
a maximum of 105 compared with the starting conforma-
tion, and the Cul5 linker rotated the WHB domain toward
Rbx1 with a maximum of 84. In open 2, the major rotation
direction of Rbx1 was toward the Cul5 WHB, with the
maximal rotation reaching 170. The Cul5 rotation was rela-
tively small compared to the open 1 conformation, with a
maximal rotation of 39.
The closed conformations changed little during the simu-
lations at 300 K (see Fig. S1 in the Supporting Material). We
raised the temperature to 340 K. Fig. 2 A presents snapshots
at 0 ns and with the maximum Rbx1 rotation angles for each
trajectory. Cul5 WHB rotated toward Rbx1, pushing Rbx1
in the same direction as the two open conformations. The
rotation angles of Rbx1 reached 63 during the simulation
(Fig. 1 D). The Cul5 WHB and Rbx1 RING remained
compact during the simulations, with no trend to adopt the
open conformation.Biophysical Journal 99(3) 736–744The distance gap for NEDD8 transfer shortens
before neddylation
In neddylation, NEDD8 is transferred from the E2 catalytic
cysteine to the Cul5 acceptor lysine. We built a model by
docking E2 to Rbx1 in the Rbx1-Cul5 complex, and
measured the distance between the E2 Cys sulfur atom
and the catalytic Cul5 Lys nitrogen atom during the simula-
tion of the WT closed conformation at 340 K. Fig. 3 shows
the Cys-Lys distances and the conformations with the
largest and smallest distances. The distance gap reaches
a maximum of 33 A˚. However, due to the dramatic confor-
mational change, E2 Cys and Cul5 Lys are brought into
proximity with a minimum distance of 6 A˚ during the simu-
lation. The distribution of the distance (Fig. 3 D) shows that
the distance with the highest probability is within 10–20 A˚.The distance gap for ubiquitin transfer shortens
before neddylation and after deneddylation
The last step in ubiquitination is the transfer of ubiquitin
from E2 cysteine to substrate acceptor lysine. We built
a model based on the crystal structures of CRL by superim-
posing the F-box of substrate-binding protein b-TrCP1 and
FIGURE 3 Distances between the E2 Cys donor
and Cul5 Lys acceptor shorten during simulation of
the WT closed conformation at 340 K, allowing
the NEDD8 transfer. (A) The snapshot with the
smallest distance during the simulation. (B) The
snapshot with the largest distance during the simu-
lation. (C) The distance changes as a function of
time during the simulation. (D) Normalized histo-
gram for the distribution of the distances. The Cul5
WHB subdomain, Cul5 4HB-a/b subdomains,
Rbx1, and E2 are shown in red, gold, blue, and
cyan, respectively; Lys is in green, and Cys is in
yellow.
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of Cul1 and Cul5, and docking E2 to Rbx1. Since the
substrate acceptor lysine is not present in the crystal struc-
ture, we measured the distance between the E2 catalytic
cysteine and the tip of the b-TrCP1 substrate for three
conformations (closed, open 1, and open 2) during the simu-
lations. The results are shown in Fig. 4. For the closed
conformation, the maximum and minimum distances are
66 and 19 A˚, respectively. The distance for open 1 ranges
from 25 to 87 A˚. The open 2 conformation has the most
dramatic distance change between E2 cysteine and the tip
of the substrate, ranging from a maximum of 98 A˚ to
a minimum of 9 A˚. The distances during the simulation as
a function of time are shown in Fig. 5, A–C. We also
measured the distribution of the distances, as shown in
Fig. 5 D. For the closed conformation, the distance distrib-
utes between 19 and 66 A˚. Open 1 has two distribution
peaks: one between 25 and 45 A˚, and the other between
65 and 85 A˚. Open 2 is relatively evenly distributed in the
90 A˚ range, from 9 A˚ to 98 A˚.The Cul5 K724R mutation allosterically changes
the distance distribution before neddylation
and after deneddylation
The Cul1 K720R mutation, corresponding to the Cul5
K724R mutation, can reduce ubiquitination (13). We per-
formed two MD simulation trajectories of 40 ns for the three
conformations with the Cul5 K724R mutation. For the
closed conformation, the MD simulations were run at
340 K for consistency with the WT closed conformation.
As in the case of the WT, we measured the distance betweenthe E2 catalytic cysteine and the tip of the b-TrCP1 substrate
for these three conformations during the simulations, as
shown in Fig. 6, A–C. Compared to the WT, the distance
range is narrower for each form of the mutants, as shown
in Fig. 6 D. The distances for the closed form peak at
38 A˚, and the most significant peaks for open 1 and open
2 are at 60 A˚ and 83 A˚, respectively.Cul5 Lys724 regulates the correlation
of the motion between Rbx1 and Cul5
The motion correlations between Rbx1 and Cul5 are illus-
trated in Fig. 6 for the three conformations of the WT and
the K724R mutants. For the closed conformation, the WT
at 300 K, with a rather rigid conformation, has strong posi-
tive motion correlations between Rbx1 and Cul5 (Fig. S2).
As expected, increasing the temperature to 340 K reduces
the correlation with freer motion (Fig. 7 A); however,
for the K724R mutant, surprisingly, the correlation between
the Rbx1 RING domain and the Cul5 a/b domain changed
from positive to negative (circled area in the middle panel
of Fig. 7 A). That is, the correlation between these domains
in the WT is more positive than in the K724R mutant, as
shown in the right panel of Fig. 6 A. Of even more interest,
the same trend is observed for both the open 1 and open 2
forms (Fig. 7, B and C).DISCUSSION
Ubiquitination tags proteins for degradation. CRLs facilitate
the transfer of ubiquitins from the E2 enzyme to the target
protein. CRL works as a two-arm molecular machine: oneBiophysical Journal 99(3) 736–744
FIGURE 4 Distances between E2 Cys and the
substrate fluctuate during the simulations. The
snapshot with the largest or shortest distance for
the (A and B) WT closed conformation at 340 K,
(C and D) open 1 conformation, and (E and F)
open 2 conformation. The substrate peptide is in
purple, the substrate-binding protein in pink, the
adaptor protein in green, the Cul NTD in red, and
the Cul CTD, Rbx1, and E2 in gold, blue, and
cyan, respectively.
740 Liu and Nussinovarm binds substrates, and the other has the Rbx protein,
which binds E2. The cullin scaffold protein connects the
two arms. Neddylation can stimulate ubiquitination, but
ubiquitination is not suppressed after deneddylation. ABiophysical Journal 99(3) 736–744key requirement for efficient monoubiquitin transfer is
that the two reactive residues on the donor E2 and on the
acceptor substrate must be sufficiently close to each other;
yet, at the same time, polyubiquitin tagging requires a spaceFIGURE 5 E2-substrate distances during simu-
lations for the closed, open 1, and open 2 confor-
mations. (A) Closed conformation. (B) Open 1
conformation. (C) Open 2 conformation. (D)
Normalized histogram for the distribution of the
distances.
FIGURE 6 Cul5 K724R mutants change the
E2-substrate distance distribution during the simu-
lation. (A) Closed conformation. (B) Open 1
conformation. (C) Open 2 conformation. (D)
Normalized histogram for the distribution of the
distances.
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two arms operate to promote the first ubiquitin transfer
and at the same time facilitate polyubiquitin tagging, and
why neddylation helps are still open questions. In this
work, we used simulations to address three challenging
questions: 1) Is the Rbx1 linker flexible both before neddy-
lation and after deneddylation? 2) How are the active sites of
E2 and cullin brought into proximity for neddylation to take
place? 3) Can CRLs bridge the distance gap between E2 and
the substrate in ubiquitination both before neddylation and
after deneddylation? MD simulations provide a powerful
tool to address mechanistic questions on the molecular level.
In our previous studies (9,10), we reported that flexible
linkers in substrate-binding proteins may serve as a hinge
to bring a substrate toward E2. Here, our simulations
suggest that the other arm also contains flexible linkers
that can function as a hinge to not only rotate E2 toward
the substrate for ubiquitination, but also to rotate E2 toward
the cullin for neddylation. Together, these results lead us to
propose a mechanism for neddylation and ubiquitination,
and explain why ubiquitination is not suppressed after de-
neddylation.
We first simulated the Rbx1-Cul5 complex in the closed
conformations, representing the before-neddylation confor-
mation. Conformational change was observed only when the
temperature was raised to 340 K, suggesting a local trap.
When the barrier is overcome, the Rbx1 linker is flexible,
with the largest rotation angle during the simulation being
63. The flexible Rbx1 linker leads to an ensemble of
Rbx1-Cul5 conformations, which may help explain the
enigma of the distance gap in neddylation. Neddylationinvolves transfer of NEDD8 from E2 cysteine to Cul5
Lys724. Our model, which is based on the docking of crystal
structures, indicates a 27 A˚ distance between these two sites.
During our simulation of the before-neddylation conforma-
tion, this distance shrank to 6 A˚ because of the conforma-
tional change brought about by the flexible Rbx1 linker;
thus, the flexible Rbx1 linker can help neddylation by
bringing the E2 cysteine and the cullin acceptor lysine
into proximity.
The ensemble of conformations obtained as a result of the
Rbx1 linker flexibility can also help elucidate the function-
ally required distance between E2 and the substrate for initi-
ation of ubiquitination, for which the E2 and substrate active
sites need to be sufficiently close. We propose that CRL
works as a two-arm machine to facilitate the initiation of
ubiquitination. Our results show that the rotation of the
Rbx1 arm can shorten the distance gap from ~50–60 A˚ to
20 A˚, and this distance can be further shortened to ~10 A˚
by the rotation of the other arm of the CRL machine. This
second arm contains the substrate-binding protein, whose
flexible linker can rotate the substrate toward E2 and shorten
the distance gap, as shown in our previous studies (9,10).
Considering that this distance is from the E2 cysteine site
to the tip of the substrate, and the substrate tip is 10 residues
away from the substrate lysine acceptor, the 10 A˚ distance
gap could be small enough for the first ubiquitin transfer.
Thus, the Rbx1 flexible linker can help the initiation of ubiq-
uitination before neddylation by bringing the E2 and
substrate active sites into proximity.
After the initiation of ubiquitination, a chain of at least
four ubiquitins is required to tag the substrates forBiophysical Journal 99(3) 736–744
FIGURE 7 Mutation of the Lys cullin acceptor
residue to Arg changes the motion correlations
between Rbx1 and Cul5. Starting conformations
for the covariance maps: (A) closed conformation,
(B) open 1 conformation, and (C) open 2 confor-
mation. The WT is shown on the left, the K724R
mutant is shown in the middle, and the difference
between the WT and mutant is shown on the right.
The more red, the stronger the positive correlation;
the more blue, the stronger the negative (anti-)
correlation. The bar provides the scale. (D) The
open 2 K724R conformation showing the domains
with the largest correlation change. The Rbx1
RING domain is shown in blue, the Cul5 a/b
domain is in orange, and the rest of system is in
green. The K724R mutation is shown in red.
742 Liu and Nussinovdegradation. These multiple ubiquitins are sequentially
transferred and space is needed to accommodate them. For
ubiquitin chain elongation to occur, Gly76 and Lys48 of
two consecutive ubiquitins must be connected. The distance
between these two residues is ~20 A˚. If we assume that
linear chain elongation is in the direction of E2, there
must be at least ~80 A˚ between E2 and the substrate to allow
formation of a chain of at least four ubiquitins. Our before-
neddylation simulations show that the distances between E2
and the substrate are mostly distributed in the 20–60 A˚
range, with a maximal distance of 66 A˚, which may not
be enough for chain elongation with four ubiquitins. This
suggests that before neddylation, the conformational change
induced by the Rbx1 flexible linker can allow the initiation
of ubiquitination, and may also help in di-ubiquitin forma-
tion to some extent, but the conformational change may
not be enough for ubiquitination chain elongation.Biophysical Journal 99(3) 736–744Neddylation has been reported to help ubiquitin chain
elongation. Saha and Deshaies (21) showed that NEDD8
increases the rate of chain elongation of a ubiquitinated
substrate, and Read et al. (13) reported that neddylation
can increase the formation of high-molecular-weight
ubiquitin conjugations. We speculate that the presence of
NEDD8 shifts the distribution of the preexisting ensembles,
populating the open states (22–25), which could derive from
the Rbx1 linker. This population shift model, which was
proposed a decade ago (22–25), was recently validated by
a body of consistent experimental data (26).
Could the redistributed ensemble following a population
shift be retained after deneddylation, when NEDD8 is
removed from cullin?Our simulations of the after-deneddyla-
tion conformations, taken from the Rbx1-Cul5CTD~NEDD8
structure (11) with NEDD8 removed, indicate that the Rbx1
linker flexibility is larger than in the before-neddylation
Rbx1 Flexible Linker Helps CRL Function 743conformation, implying that the population shift toward
the open states caused by neddylation may remain after de-
neddylation. In addition, after deneddylation, the distances
between E2 and the substrate are relatively evenly distrib-
uted in a ~90 A˚ range, which is much larger than the
~46 A˚ of the before-neddylation range. This also suggests
that the large conformational change remains after dened-
dylation.
There is increasing evidence that CSN promotes dened-
dylation (14,15); however, CSN also enhances ubiquitina-
tion and substrate degradation (15,16). The question is
then, what is the mechanism of ubiquitination after dened-
dylation? Our results indicate that the after-deneddylation
conformation assists in the initiation of ubiquitination by
shortening the distance gap between E2 and the substrate
to a minimum distance of 9 A˚, which is 10 A˚ smaller than
what is observed for the before-neddylation conformation.
Saha and Deshaies (21) reported that neddylation facilitates
the initiation of ubiquitination. Here we report that after de-
neddylation, the conformational ensembles that were
enhanced by neddylation still facilitate initiation of ubiqui-
tination. The ubiquitin chain elongation can also be facili-
tated by conformational change after deneddylation. The
maximal distance for the after-deneddylation conformation
during the simulations between E2 and the substrate is 98 A˚,
which could accommodate at least a five-ubiquitin chain. If
neddylation can promote chain elongation (13,21) by redis-
tributing the Rbx1-Cul5 ensemble, subsequent to deneddy-
lation, the existing Rbx1-Cul5 ensemble could facilitate
both the initiation and chain elongation of ubiquitination.
This would explain why ubiquitination is not suppressed
by NEDD8 removal.
What regulates the Rbx1 linker’s flexibility? It is known
that mutating the cullin acceptor lysine to arginine can
reduce ubiquitination regardless of the presence of
NEDD8 (13). We performed MD simulations for this mutant
and observed a significantly narrowed distance distribution
for all three conformations, which implies that this single
residue mutation allosterically affects the conformational
change of the whole system. The less evenly distributed
distances and smaller distance range also suggest that this
mutation reduces the likelihood that Cul5 will undergo ubiq-
uitin transfer initialization and chain elongation, both before
neddylation and after deneddylation. Of interest, this Cul5
K724R is far away from both the Rbx1 RING domain and
the Cul5 a/b domain, but it dramatically changes the
correlations between these two domains, further suggesting
that the highly conserved Lys724 allosterically regulates the
conformational change of the Rbx1-Cul5 complex (27–31).
We thus propose an allosteric mechanism for the Cul5-Rbx1
complex. We propose that an allosteric communication
could exist among Lys724, the Rbx1 RING domain, and
the Cul5 a/b domain, with the Cul5 a/b domain acting
with Lys724 and the Rbx1 RING domain to control the
conformational change of the Rbx1-Cul5 complex. SinceLys724 is the NEDD8 acceptor, we speculate that Lys724
may further control the conformational change through the
perturbation that follows covalent bond formation between
Lys724 and NEDD8. Such an allosteric effect is similar to
that of the substrate-binding protein pVHL (32), suggesting
that Lys724 could be an allosteric drug target. The role of the
Cul5 a/b domain is unclear, and to our knowledge no study
has been performed on this domain. Further investigation of
this domain is needed to test our allosteric model. As for the
Rbx1 RING domain, Yamoah et al. (33) reported that the
K89A mutation in the Rbx1 RING domain can significantly
enhance the ubiquitination activities of Cul1-Rbx1
complexes, implying a Cul1-Rbx1 conformational change.
The interface of Cul5-Rbx1 is slightly different from that
of Cul1-Rbx1; therefore, we propose that Gln59 and Ser62
at the Cul5-Rbx1 interface may be critical for conforma-
tional control.
To conclude, we have demonstrated that the flexibility of
the Rbx1 linker plays an important role in facilitating CRL
neddylation and ubiquitination, before neddylation and after
deneddylation. Before neddylation, the intrinsic flexible
linkers of the two CRL arms containing the substrate-
binding protein and Rbx1 present a broad conformational
ensemble that allows the initiation of ubiquitination. The
flexible Rbx1 linker facilitates NEDD8 transfer from the
E2 enzyme to cullin. The neddylation of cullin shifts
the landscape. The flexibility of the Rbx arm increases.
The higher flexibility stimulates both the initiation of ubiq-
uitination and chain elongation. Deneddylation removes the
NEDD8, but the shifted fluctuating ensembles still exist. We
further observe that cullin Lys724, to which NEDD8 is trans-
ferred from E2, allosterically regulates the conformational
change of the Rbx1-Cul5 complex. Overall, our results
suggest a mechanism for neddylation and ubiquitination
before neddylation and after deneddylation. We further
propose an allosteric mechanism that implies that Cul5
Lys724, the Rbx1 RING domain, and the Cul5 a/b domain
could be critical for conformational control, and could serve
as allosteric drug targets, in similarity to allosteric residues
in pVHL (32).SUPPORTING MATERIAL
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